Pseudomonas cepacia G4 grown in chemostats with phenol demonstrated constant specific degradation rates for both phenol and trichloroethylene (TCE) over a range of dilution rates. Washout of cells from chemostats was evident at a dilution rate of 0.2 h-1 at 28°C. Increased phenol concentrations in the nutrient feed led to increased biomass production with constant specific degradation rates for both phenol and TCE. The addition of lactate to the phenol feed led to increased biomass production but lowered specific phenol and TCE degradation rates. The maximum potential for TCE degradation was about 1.1 g per day per g of cell protein.
Of the volatile organic chemicals present in common groundwater contaminants, trichloroethylene (TCE) is the one most commonly found (19) . TCE has been shown to be biodegraded by axenic cultures of aerobic organisms and consortia after growth with toluene (9, 10, 13, 18, 21, 22), methane (11, 16, 20) , and ammonia (1) . In all of these examples, TCE is fortuitously oxidized by catabolic enzymes, which typically require induction by their normal substrates. In this laboratory, Pseudomonas cepacia G4 (7) has been shown to require growth with either toluene, o-cresol, m-cresol, or phenol for induction of TCE degradative activity (9, 10) . This organism employs a novel degradative pathway in which toluene is sequentially hydroxylated, first at the ortho position and then at the meta position, leading to the transient production of 3-methylcatechol (13) . Attack on TCE by this organism is initiated by one of these hydroxylation activities, leading to its complete degradation to C02, Cl-, and unidentified nonvolatile products (9, 10) .
Although TCE is readily degraded in the laboratory (9, 10, 14, 18, 20, 21) , its persistence in the environment indicates that naturally occurring organisms are not necessptrily active on this compound. TCE degradation in laboratory microcosms has been reported under both methanogenic (2, 3, 17) and methanotrophic (20) conditions. Three different reactor types, a continuous-recycle, expanded-bed reactor (12) , a fixed-film, packed-bed reactor (15) , and a submerged aerobic biofilm reactor (4) , have been used to investigate the degradation of volatile organic chemicals by methanotrophic cultures.
Factors that limit the biodegradation of volatile organic chemicals need to be identified and characterized. By overcoming these limitations, TCE degradation can be maxi-mized. Apparent K, and Vmax values for TCE degradation by P. cepacia were determined previously to be 3 ,uM and 8 nmol/min/mg of cell protein, respectively (5) . Maximal TCE degradation rates were observed at concentrations as high as 300 ,uM. Previously, a competitive type of inhibition was observed for degradation of phenol and TCE in mixtures (5) . This is consistent with the observation that K, values for both TCE and phenol are similar and that TCE degradation is a cometabolic process in which an enzyme with a normal substrate of phenol also attacks TCE (5, 9, 13) . In this study, we describe the operation of a bioreactor designed to minimize TCE and phenol inhibitory interactions and allow for direct assessment of TCE degradation performance characteristics.
MATERIALS AND METHODS
Bacterial strain and culture conditions. P. cepacia G4 was isolated and characterized previously (7, 10) . A 250-ml microcarrier spinner flask (Bellco Glass Inc., Vineland, N.J.) was used in the construction of a continuous-culture system. Continuous cultures were started by inoculating a 100-ml solution of 2 mM phenol and 5 mM lactate in a defined basal salts medium (BSM) (6) with P. cepacia G4. After incubation for 24 h at 30 2°C, continuous growth was initiated by starting the flow of nutrients at a dilution rate of about 0.1 h 1. The working liquid volume in the chemostats was 180 to 220 ml (the exact volume was determined for each experiment) with a nutrient supply of 5 mM phenol in BSM (pH 7.5) unless otherwise stated.
Bioreactor design, construction, and operation. The construction of the recirculating TCE bioreactor is depicted in Fig. 1 . P. cepacia G4 was grown as described above for the chemostat with 10 mM phenol in BSM introduced at a rate of 10 ml/h into the chemostat chamber, which had a working volume of about 300 ml. The phenol concentration was less than 1 p.M at the inlet of the TCE reaction chamber under normal operation. The TCE reaction chamber was constructed exclusively of glass and Teflon with a total volume between the sample ports of 178 ml. The TCE reaction chamber was not aerated to minimize abiotic loss of TCE from the reaction chamber. Both the chemostat and reaction chambers were insulated and jacketed and held at a constant temperature of 28°C. Variable concentrations of TCE were introduced into the TCE reaction chamber at a rate of 10 ml/h. TCE concentrations were varied by diluting a saturated aqueous solution of TCE (8 to 10 mM) with BSM by adjusting the speed of pumps 1 and 2. Glass beads (2-to 3-mm diameter) were placed at the bottom of the TCE reaction chamber to assure laminar liquid flow through the chamber. The typical circulation rate was about 3 ml/min unless otherwise indicated (exact flow rates were determined each time TCE samples were removed). The degradation rate constant was calculated after measurement of the inlet and outlet TCE concentrations, the circulation rate, and the protein concentration. Phenol concentrations were determined using the modified colorimetric assay described previously (5) . Rates TCE disappearance rates for harvested cells were determined by using a syringe assay described previously (5) . TCE disappearance rates in the recirculating bioreactor were determined by measuring the change in TCE concentration as the solution flowed through the TCE reaction chamber. Triplicate 2-ml samples were removed from the inlet and outlet ports of the TCE reaction chamber and placed in 10-ml crimp seal bottles containing 2 ml of n-pentane; the bottles were immediately capped with a 20-mm Teflon-lined rubber septum. At the time of sampling, the cell concentration and the fluid flow rate through the TCE reaction chamber were determined.
Bottles containing the water-pentane extraction mixtures from these procedures were placed on a rotatory shaker for at least 1 h at 200 rpm. The pentane phase was removed and placed in gas chromatography vials for TCE analysis as outlined previously (5) . Rates rate of TCE disappearance from cell free controls with the syringe assay was less than 0.003 ,umol/min.
Assessment of culture purity. Culture purity was determined for each continuous culture at the end of each experiment. Serial dilutions were made of each culture, plated out on nutrient agar (Difco), and incubated at 30°C. Colonies grown on nutrient agar were counted and characterized morphologically; 10 to 50 colonies of each morphology were transferred to plates with either phenol or toluene as the sole carbon source. Phenol plates were prepared with 2 mM phenol in BSM and 2% purified agar. Carbon-free plates with BSM and 2% agar were placed under a beaker that contained a vial of toluene, which supplied toluene as the sole carbon source. Except for the long-term reactor study, all reported data originated from experiments that demonstrated >95% culture purity, indicated by colonies exhibiting typical P. cepacia colony morphology on nutrient agar and the ability to utilize both phenol and toluene as growth substrates. RESULTS TCE degradation rates. The syringe assay was used to follow TCE degradation of washed cells of P. cepacia grown with 5 mM phenol in chemostats. At two different cell densities, rates of TCE degradation were constant at TCE concentrations down to about 5 puM, below which the rates decreased ( Fig. 2 ). TCE degradation rates were calculated from the initial linear rate of disappearance above 5 p,M. The disappearance rate decreased significantly below about 1 p,M, although the TCE concentration eventually dropped to below detection limits (<10 nM).
Steady-state, continuous-culture growth characteristics. To confirm that the chemostats were operated under carbonlimited growth, P. cepacia was grown in chemostats with 5 mM phenol at different dilution rates. Chemostats were operated at each dilution rate for a time that allowed for >90% replacement of the chemostat contents (about 3 times the working volume). After the steady state was attained, a portion of the chemostat contents was removed and analyzed for protein concentration, phenol concentration, phenol degradative activity, and TCE degradative activity (Table 1). The results demonstrated that not only did the protein concentration remain relatively constant over a wide range of dilution rates but also the specific degradation rates for both phenol and TCE remained relatively constant. At the highest dilution rate tested, 4 to 5 day-', the onset of washout was observed as evidenced by a drop in protein concentration and an increase in phenol concentration in the chemostat. Further increases in dilution rate led to complete washout of the chemostat. These results indicated that the specific growth rate for P. cepacia with phenol was approximately 0.2 h-'.
The effects of varying the concentration of the limiting carbon source on cell yield and specific degradative activity were examined. Chemostats were set up and operated at several concentrations of phenol and/or lactate to determine the variation in protein concentration and the specific degradation activities toward phenol and TCE (Table 2) . Essentially no phenol was detected in the chemostat culture liquid (<1 ,uM), except at phenol feed concentrations of 10.1 and 18.5 mM, for which less than 15 ,uM phenol was found. When the dilution rate was reduced for these cultures, the steady-state phenol concentration again dropped below detection limits. With phenol as the sole carbon source, protein production was proportional to the phenol concentration. Specific activities for phenol and TCE degradation were essentially constant, although the TCE degradation potential increased from 21 to 279 mg to day (calculated for a 1-liter reactor). Chemostats operated with a mixture of phenol and lactate demonstrated lower specific degradation rates for TCE and phenol depending on the ratio of phenol to lactate. Although P. cepacia G4 grew well on lactate in the absence of phenol, there was minimal measurable activity toward Chemostat performance after changes in growth substrates. Transitional changes in protein concentration and specific phenol degradative activity of P. cepacia G4 were monitored after changes in the carbon-limiting growth substrate. A chemostat equilibrated for growth with 10 mM lactate was switched to growth with 5 mM phenol as the sole carbon source at time zero. At specific time intervals after the switch, protein concentration, phenol concentration, liquid replacement, and the specific rate for phenol degradation were determined (Fig. 3) . Initially, the phenol concentration increased in the same manner as the liquid replacement curve. As the phenol specific activity started to increase after about 1 tration in the chemostat initially dropped about 5% and then stabilized (data not shown). Within 8 h after the switch from lactate to phenol, the chemostat had changed to within 80% of the steady-state conditions achieved after 24 h of operation.
The opposite experiment was also performed to examine the transition from induced to uninduced conditions. A chemostat was set up and operated on 5 mM phenol. At time zero, the reservoir was switched from phenol to 10 mM lactate, and protein concentration, liquid replacement, and specific rates of phenol degradation were monitored (Fig. 4) .
The rate of phenol degradation was well maintained for the first hour after the switch and then dropped precipitously. After 8 h at the new conditions, the phenol degradation rate was <10 nmol/min/mg of protein, with a slight decrease in protein concentration during this time (data not shown). The change in the rate of phenol degradation exceeded the change for simple liquid replacement of the cells by dilution. This was evident by the rapid drop in activity, crossing below the curve for liquid replacement.
Performance characteristics of a recycling TCE bioreactor.
A recirculating bioreactor was designed and constructed to allow for the direct determination of TCE biodegradation rates under continuous-growth conditions. TCE concentrations were determined at the inlet and outlet ports at defined intervals (Fig. 5) . Over a 7. (residence time) and the protein concentration. There was some decrease in the degradation rate constant at low TCE concentrations. Although the rate constants varied somewhat, TCE was degraded over a range in concentrations from 1 ,uM to more than 300 ,uM. Under these conditions, there was on the average 1 g of TCE degraded per day per g of cell protein.
Over 2 weeks of operation, the microbial content of the reactor was monitored as described in Materials and Methods. After the first day of operation, only one colony morphology type was evident on nutrient agar; all colonies tested were able to grow on both phenol and toluene. Over the 2-week operating time, the reactor contents showed evidence of contamination. Even so, more than 80% of the plated colonies on nutrient agar possessed typical P. cepacia colony morphology and retained the ability to grow on both toluene and phenol. No more than two additional distinctive colony morphologies were detectable on nutrient agar. Representatives of each of these two colony types were unable to grow with either toluene or phenol. When the feed phenol concentration was increased to 20 mM, only one of these colony types was detected in the reactor, and the level of its contamination was estimated at less than 10%. Even though the reactor became contaminated during operation and sampling, the dominant organism was P. cepacia. There was no significant wall growth in either the chemostat or the TCE reaction chambers over the course of these experiments.
DISCUSSION
Growth with phenol led to the production of P. cepacia G4 induced for the degradation of TCE. P. cepacia demonstrated nearly constant levels of phenol and TCE degradative activity over a wide range of dilution rates. The specific growth rate with phenol at the onset of washout was determined to be approximately 0.2 h-' or approximately 4 to 5 day-'. Cell protein concentrations increased as phenol feed concentrations were increased, which led to an increased TCE degradation potential. The specific activity for phenol degradation remained constant at about 1. Since either phenol, toluene, or cresol is required for induction of requisite catabolic enzymes in P. cepacia (9, 10) , inhibitory interactions between TCE and the inducer could impact bioreactor performance. At equal concentrations of TCE and phenol, phenol degradation rates were inhibited by 50%, consistent with both a competitive mech- (5) and indicating the likelihood of a significant inhibition of TCE degradation by phenol. To maximize reactor performance, this inhibition could be controlled by carefully controlling the concentration of phenol in the reactor, by using a noninhibitory, gratuitous inducer, or by altering regulation and expression, leading to the production of the requisite catabolic enzyme. Aromatic amino acids such as tryptophan have been shown to be capable of inducing TCE degradation in P. cepacia G4 (8) .
Alternatively, a bioreactor design that maximizes enzyme production on the growth substrate yet minimizes inhibitory interactions between the inducer and TCE could be developed. This second approach was pursued, resulting in the construction of a recirculating reactor designed to use P. cepacia grown with phenol to degrade TCE. In addition to maximizing enzyme production and essentially eliminating inhibitory interactions between phenol and TCE, this model reactor was designed to minimize abiotic losses of TCE, thereby simplifying quantitation of the extent of biodegradation. This design proved very useful in establishing the TCE degradation performance characteristics of P. cepacia in continuous culture. A TCE degradation rate constant for the reactor was only slightly lower than specific degradation rates determined for cells harvested from the reactor and assayed by using the syringe assay. This rate constant corresponds to the degradation of 0.7 g of TCE per day per g of cell protein. This value would be approximately 350 mg of TCE degraded per day per g (dry weight) of cells, a value which is significantly greater than rates of TCE degradation reported for an expanded-bed bioreactor with methanotrophs (12). The reactor described here was capable of degradation of TCE over a range of concentrations from 1 to 300 ,M.
This model bioreactor design was well suited for accurately determining bench scale biodegradation performance characteristics but was not designed to achieve maximal performance. The absence of aeration in the TCE reaction chamber essentially eliminated air stripping of TCE, a design feature which minimized abiotic losses but could readily lead to oxygen limitations at higher cell densities or at longer residence times. The last two sets of data presented in Table  3 , corresponding to higher cell densities and longer residence times, demonstrated significantly lower reaction rates than those for the syringe assay, apparently because of an oxygen limitation. However, under most operational conditions tested, oxygen limitations on TCE degradation rates were not apparent, since TCE reaction rate constants determined for the reactor were not significantly different from those of cells assayed in the syringe assay at the same time. Previously, it was demonstrated that TCE degradation rates were not significantly affected by elimination of an air headspace in a bottle assay with P. cepacia (5) . The dissolved oxygen in these closed systems supported the complete degradation of similar amounts of TCE by cell densities and reaction times comparable to those used in this model bioreactor. Since the primary emphasis for this work was to determine whether there was a direct correlation between kinetic parameters for degradation by resting cells and the degradation performance characteristics for cells in a model bioreactor, a more complex system that included control and measurement of dissolved oxygen was not constructed. These results demonstrate that kinetic constants determined for resting cells in batch experiments provided reliable kinetic behavior information under continuous operation and therefore can be used in evaluation of bioreactor design. The next stage of development could involve the design, testing, and evaluation of alternative reactor designs that maximize TCE degradation.
